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sion	 intervals	along	each	track	 (nominal	delay:	15–300	s);	and	 (3)	probability	of	
detection	 of	 each	 transmission	 based	 on	 logistic	 detection	 range	 curves	 (mid-
point:	200–1,500	m).	From	simulations,	we	quantified	(i)	time	between	successive	
detections	on	any	receiver	 (detection	time),	 (ii)	 time	between	successive	detec-
tions	on	different	 receivers	 (transit	 time),	 and	 (iii)	 distance	between	 successive	
detections	on	different	receivers	(transit	distance).












©	2018	The	Authors.	Methods in Ecology and Evolution	published	by	John	Wiley	&	Sons	Ltd	on	behalf	of	the	British	Ecological	Society.
1490  |    Methods in Ecology and Evoluon KRAUS et Al.
1  | INTRODUC TION
Acoustic	 telemetry	 has	 gained	widespread	 popularity	 as	 a	 tool	 to	
understand	migration,	 habitat	 use	 and	 survival	 of	 aquatic	 animals	
(Cooke	et	al.,	 2013;	Hussey	et	al.,	 2015).	Acoustic	 telemetry	 func-
tions	similar	to	radiotelemetry	in	terrestrial	environments	(White	&	
Garrott,	2012);	an	animal-	borne	transmitter	emits	an	acoustic	signal	
detected	by	a	receiver,	which	 in	 this	case	 is	an	underwater	micro-
phone,	or	hydrophone	(hereafter,	receiver).	The	signal	can	be	con-
tinuous	or	 intermittent,	and	 it	can	be	coded	to	 identify	 individuals	
and	transmit	information	from	sensors	in	the	tag	(e.g.	temperature).	
At	the	most	basic	level,	acoustic	telemetry	provides	a	chronology	of	
observations	 from	 active	 or	 passive	monitoring	 of	 specified	 areas	
with	receivers.	Compared	with	marking	large	numbers	of	animals	in	
hopes	that	a	small	fraction	are	observed	at	a	later	time,	usually,	only	





requirements	 and	 increasing	 the	diversity	 of	 inferences	 on	 animal	
movements	than	possible	with	conventional	tagging.	Just	how	much	















movement	 has	 been	 determined	 through	 triangulation	 of	 a	 signal	


















tively	 sampled,	 and	 substantially	 increases	 duplicate	 detections	 of	
transmitters	 on	multiple	 receivers.	 Subjective	 selection	 of	 receiver	
locations	based	upon	 luck	of	 geography	also	 imposes	unquantified	








focused	 receiver	 arrangements	 may	 represent	 the	 most	 effective	
designs	for	addressing	a	specific	set	of	questions,	but	may	preclude	
inferences	about	animal	movement	and	habitat	use	beyond	parochial	
information	 needs.	 If	 movement	 routes	 are	 known,	 then	 arrange-
ment	of	receivers	(i.e.	lines)	along	those	routes	will	provide	efficient	






is	 to	 recast	 the	 research	 question	 to	 fit	 the	 bottleneck-	receiver-	
arrangement	 strategy.	 Alternatively,	 some	 telemetry	 researchers	
have	 employed	 grids	 (two-	dimensional	 receiver	 arrays)	 with	 non-	
overlapping	 detection	 radii	 to	 gain	 broader	 spatial	 coverage	 and	
elucidate	heterogeneous	use	of	habitats	across	an	aquatic	landscape	
(Heupel	&	 Simpfendorfer,	 2002).	Although	 such	 an	 approach	 risks	
large	 lake	ecosystems	 (lakes	Erie	and	Winnipeg)	 revealed	shorter	detection	and	
transit	times	than	what	simulations	predicted.
4.	 By	spreading	effort	uniformly	across	space,	grids	can	 improve	understanding	of	
fish	 migration	 over	 the	 commonly	 employed	 receiver	 line	 approach,	 but	 at	 in-
creased	time	cost	for	maintaining	grids.
K E Y W O R D S
acoustic	telemetry,	fish	movement,	habitat	use	and	survival,	simulation











pling	 represented	 by	 a	 grid	 is	more	 defensible	 than	 the	 subjective	
monitoring	 of	 convenient	 landmarks	 (Krebs,	 1989;	 Legendre	 et	al.,	










pling	design.	Two	 likely	explanations	are	 that:	 (1)	 field	experiments	







of	 a	 receiver	grid:	how	 frequently	 is	 an	animal	within	 the	grid	de-
tected,	and	 if	 it	 left	one	receiver,	how	much	time	would	pass,	and	
how	 far	would	 it	 travel	 before	we	would	 expect	 to	detect	 it	 on	 a	











the	grid	 simulation	had	no	analogs	 for	 receiver	 lines	 (i.e.	once	 the	
animal	 leaves	 the	 line,	 there	 is	nothing	 to	quantify),	we	compared	
the	time	cost	 to	tend	grids	vs.	 lines	with	a	thought	experiment.	 In	
developing	the	grid	simulation,	we	created	useful	tools	in	the	open-	




Hayden,	 &	 Binder,	 2017).	 Finally,	 we	 presented	 pilot	 field	 studies	
using	three	fish	species	that	demonstrated	the	applicability	and	lim-
itations	of	the	simulation	results.
2  | MATERIAL S AND METHODS
2.1 | Background
Our	 interest	 in	 developing	 a	 simulation	 was	 inspired	 by	 current	
research	 in	 Lake	 Erie	 on	 the	 migration	 of	 walleye	 Sander vitreus,	
in	which	a	double	 receiver-	line	was	 initially	used	with	overlapping	









receivers.	We	 surmised	 that	 a	 different	 arrangement	 of	 receivers	
could	both	continue	to	provide	timing	information	of	fish	movement	








To	 accomplish	 our	 simulation,	we	 generated:	 (1)	 virtual	 paths	 as	
correlated	random	walks	within	a	shoreline	boundary	represented	




single	virtual	 track	was	 intended	 to	 represent	 any	actual	 tagged	
fish,	because	movement	characteristics	(i.e.	random	walk	param-
eters)	of	walleye	in	the	wild	were	unknown.	Rather,	we	evaluated	
a	 range	of	 characteristics	 to	 encompass	 typical	movements	of	 a	
wide	 range	 of	 aquatic	 animal	 species.	 Each	movement	 path,	 tag	
transmission	and	detection	scenario	were	evaluated	on	one	of	26	
receiver	 grids.	 Within	 each	 grid,	 receiver	 spacing	 was	 uniform,	
and	 across	 grids	 spacing	 ranged	 from	 5	km	 (n	=	1,028	 receivers)	
to	 25	km	 (n	=	39	 receivers),	 in	 1	km	 increments	 (Figure	1).	Here,	
we	measured	spacing	in	the	x and y	directions,	as	opposed	to	the	
diagonal	 distance	 between	 receivers	 (which	 would	 simply	 be	 a	
constant	41.4%	greater	distance).
Virtual	paths	were	generated	by	calculating	points	every	100	m	








varied	among	 tracks.	We	simulated	 six	 turn	angle	 schemes,	which	




For	 each	path,	 a	 series	of	 transmission	 timestamps	was	gen-
erated,	 and	 then	 the	 coordinates	 of	 each	 transmission	were	 as-
signed	using	linear	interpolation.	We	simulated	four	transmission	
delay	 schemes	 (nominal	delays:	15,	30,	120	and	300	s)	 spanning	
the	range	of	 intervals	commonly	used	in	acoustic	telemetry	field	
studies	 (e.g.	VEMCO	PPM	coding).	Each	 interval	between	 trans-
missions	 (Δt)	 was	 drawn	 from	 a	 uniform	 distribution,	 such	 that	 





Detection	 range	 was	 modelled	 as	 a	 nonlinear	 decay	 function	
typical	 of	 what	 has	 been	 observed	 in	 previous	 studies	 (Hayden	
et	al.,	 2016;	Huveneers	et	al.,	 2016).	 Stochastic	detection	 (or	non-	




the	mid-	point	of	 the	curve	 (i.e.	where	p = .5).	We	simulated	detec-
tions	for	three	range	curves	(i.e.	detection	radii),	representing	poor	
(β1 = 0.006; β2	=	200	m),	average	(β1 = 0.0025; β2	=	800	m)	and	good	
(β1 = 0.015; β2	=	1,500	m)	 environmental	 conditions.	 These	 curves	
were	based	upon	detection	 range	data	 from	VEMCO	 transmitters	
(model	V16-	6H,	Amirix	Systems	Inc.,	Bedford,	Nova	Scotia)	in	lakes	
Erie,	Huron	(Hayden	et	al.,	2016)	and	Winnipeg.
Three	 paths	were	 simulated	 for	 each	 combination	 of	 variables	




turn	angle,	 a	 single	 arbitrarily	 long	path	 could	have	been	used	 for	
the	same	purpose	(applying	various	grid,	radius,	speed	and	transmis-
sion	delay	characteristics),	but	 this	approach	can	become	memory	
resource	 limited	 on	 a	 typical	 desktop	 workstation.	 Consequently,	
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upper	end	of	the	range;	thus,	we	calculated	the	95th	percentiles.	
Due	to	a	lack	of	data	in	some	tracks	(≤3	detections	and	no	transit	
events),	n	=	2,399	 (3.5%)	 of	 tracks	were	 excluded	 from	 analyses	
of	transit	time	and	transit	distance.	Initially,	we	observed	that	grid	






Transit	 times	 were	 of	 greater	 interest	 than	 detection	 times	
because	 in	nature	 these	values	 could	 represent	a	habitat	 change,	
behavioural	change,	 initiation	of	migration	or	some	other	ecologi-
cal	process.	Consequently,	 to	understand	 the	 relative	 importance	
of	 each	 variable’s	 effect	 on	 transit	 time,	we	developed	GLMs	 for	
each	 detection	 radius	 using	 an	 ANCOVA	 approach	 (assuming	 a	
Gaussian	distribution	with	identity	link).	Spacing	(log-	transformed)	
was	 the	 covariate	 and	 transit	 time	 (95th	 percentile)	 was	 the	 re-








Simulations	 of	 animal	movement	may	 provide	 a	 powerful	 tool	 for	







The	study	on	walleye	was	 initiated	 to	understand	survival	 and	
behaviour	of	 fish	captured,	 tagged	and	 released	 from	the	summer	

















anaesthetized	 using	 a	 20	mg/L	 eugenol	 solution	 (Keene,	 Noakes,	
Moccia,	&	Soto,	1998)	and	surgical	procedures	followed	Siegwarth	




























Financial	 costs	 of	 fieldwork	 can	 vary	 idiosyncratically	 given	 avail-




















prominent	 effects	 on	 grid	 performance	 metrics	 (Figure	3).	 Under	
best	conditions	(detection	radius	=	1,500	m)	in	the	grid	with	the	few-
est	receivers	(spacing	=	25	km),	for	95%	of	cases,	the	time	between	
successive	detections	was	≤5.2	hr,	 compared	with	9.9	days	 for	 the	
worst	conditions	(detection	radius	=	200	m;	Figure	3,	upper).	These	
values	 (means	 of	 95th	 percentiles	 averaged	 across	 tracks)	 can	 be	
interpreted	as	upper	confidence	limits.	For	example,	with	95%	con-
fidence	 under	 intermediate	 conditions	 (detection	 radius	=	800	m),	
the	average	maximum	time	an	animal	went	undetected	ranged	from	
1.7	hr	to	1.1	days	for	the	5-	and	25-	km	grids	respectively	(Figure	3,	
upper).	 Note	 that	 detection	 times	 were	 inclusive	 of	 transit	 times,	
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detection	 radius	 scenarios:	 mean	 95th	 percentile	 of	 transit	 times	
ranged	 from	 10.8	 to	 15.2	days,	 respectively,	 for	 the	 1,500	m	 and	
200	m	 detection	 radius	 scenarios—a	 1.4-	fold	 difference	 (Figure	3,	
middle).	By	comparison	at	5	km	grid	spacing,	with	95%	confidence,	
the	longest	average	duration	an	animal	went	undetected	as	it	moved	
to	 a	 different	 receiver	was	 2.4,	 16.4	 and	 76.8	hr,	 respectively,	 for	






























shorter	 transmission	delays	or	 less	 tortuous	paths	 (i.e.	 smaller	SD)	

















were	 typically	 shorter	 than	 simulated	 values,	 ranging	 from	28	 to	
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simulated	scenarios	with	7	km	spacing	predicted	 ranges	of	0.8	hr	
to	1.9	days	 and	12	hr	 to	5.7	days,	 respectively,	 for	detection	and	
transit	time	(Figure	5).	Mean	detection	and	transit	times	for	walleye	
were	nearly	 identical,	 reflecting	a	 tendency	for	successive	detec-
tions	to	occur	on	different	receivers.	Channel	catfish	and	common	
carp	showed	a	tendency	for	successive	detections	to	occur	on	the	
same	 receiver	 as	 evidenced	 by	mean	 transit	 times	 that	were	 ap-
proximately	5–24	hr	higher	 than	detection	 time	for	 these	species	
(Figure	5).
3.6 | Grid- line time cost comparison










approximate	 time	cost	of	41	hr	 (about	one	work	week)	 to	 tend	51	
















(e.g.	 around	 islands)	 than	 the	 bottleneck-	receiver-	arrangement	
used	in	Lake	Erie	(Raby	et	al.,	2018),	but	more	importantly,	simu-
lation	results	can	be	used	to	optimize	resource	allocation	 (study	












vicinity	 of	 the	 receiver	 line	 or	 gate.	 On	 either	 side	 of	 this	 nar-
row	strip,	an	animal	may	show	unobservable	complex	behaviour	
or	survive	to	 leave	the	system	permanently	 (the	 latter	would	be	
indistinguishable	 from	 mortality).	 Obviously,	 failing	 to	 observe	
an	animal	 across	 a	broad	area	 is	only	 important	with	 respect	 to	
study	objectives.	We	simply	caution	that	the	design	of	a	receiver	
network	 follow	 from	specific	questions	about	animal	movement	
rather	 than	 the	other	way	around.	The	design	of	 a	network	 is	 a	




Great	 Lakes	 Acoustic	 Telemetry	 Observation	 System	 (GLATOS;	
http://glatos.glos.us/,	 Krueger	 et	al.,	 2017),	 Integrated	 Marine	
Observing	 System	 (IMOS;	 http://imos.org.au/home/)	 and	 the	
Ocean	Tracking	Network	 (OTN;	Cooke	 et	al.,	 2011),	 are	 becom-






















simulations.	 The	 effects	 of	movement	 speed	 and	 tortuosity	 (i.e.	
SD	of	turn	angle)	of	simulated	movement	paths,	which	we	selected	
to	 represent	 a	 range	 of	 possible	 species,	 were	 important	 but	
















occupancy.	 If	 the	 researcher	 also	 wished	 to	 understand	 whether	
movement	 between	 habitats	 was	 crepuscular	 (to	 within	 ±1	hr	 of	
sunrise	or	sunset:	a	2-	hr	period),	then	the	maximum	spacing	should	
be	no	more	 than	5	km	 (Figure	3,	upper).	While	one	could	conceiv-
ably	 achieve	useful	 results	 for	 a	 system	 in	which	 the	habitat	 area	
approached	 the	 grid	 spacing	 (i.e.	 a	 minimum	 of	 one	 receiver	 per	
habitat),	we	advocate	a	complementary	spatial	benchmark	for	tran-
sit	distance.
The	simulation	arena	 (Lake	Erie)	was	 relatively	 large	compared	
with	the	range	of	grid	spacing	values,	and	for	spatially	explicit	study	
design,	the	researcher	would	need	to	evaluate	the	density	of	receiv-
ers.	 Again,	 for	 the	 hypothetical	 diel	movement	 scenario,	 consider	
that	each	habitat	 is	approximately	square	with	an	area	of	400	km2 
(20	km	on	each	side).	The	detection	time	benchmark	of	15	km	spac-








of	 the	 transit	distance	95th	percentile	 to	grid	 spacing.	With	a	20-	
km	axis,	the	grid	spacing	should	be	no	more	than	c.	7	km,	requiring	
nine	 receivers	 in	each	habitat.	To	emphasize	 the	efficiency	of	 this	
scenario,	the	boundary	between	two	habitats	would	require	approx-




















more	 important	 than	 these	 dynamic	variables	 is	 the	 placement	 and	
orientation	of	 receivers,	which	 can	have	 a	 substantial	 effect	 on	de-
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requires	 confirmation	 of	 the	 presence	 of	 an	 animal	 on	 time-	scales	
much	longer	than	sporadic	interference	from	dynamic	variables,	then	
it	may	not	be	necessary	to	quantify	such	effects.	Otherwise,	additional	
system-	specific	 simulations	with	 the	 tool	 developed	here	 (Holbrook	
et	al.,	2017)	may	be	needed.











would	be	greater	 than	 the	probability	of	observing	an	animal	 that	
avoids	the	observer	(e.g.	one	that	moves	away	from	boat	noise).	This	
situation	would	 violate	 a	 key	 assumption	 and	 be	 difficult	 to	 diag-
nose	without	autonomous	receiver	sampling.	Thus,	many	small-	scale	
studies	combine	mobile	tracking	with	limited	autonomous	receiver	
sampling	 to	understand	whether	 an	 animal	may	be	present	 in	 the	
system	 yet	 go	 undetected	 by	mobile	 tracking	 (e.g.	Wingate	 et	al.,	







One	 of	 the	 most	 difficult	 aspects	 of	 determining	 the	 fates	 of	
tagged	 animals	 is	 distinguishing	 mortality	 from	 non-	detection,	 and	






of	mortality	 that	would	complicate	 this	 interpretation	 is	a	predation	
event.	As	Romine	et	al.	(2014)	observed,	for	predators	that	consumed	
a	tagged	fish,	ingesting	the	tag	would	appear	as	an	unexpected	change	
in	 the	 behaviour	 of	 the	 prey.	 Presumably,	 subsequent	 detections	





and	distance.	 In	nature,	 such	cases	would	be	 indistinguishable	 from	
fish	that	died.	Note	that	inclusion	of	these	data	would	have	lowered	
our	 95th	 percentiles;	 therefore,	 censoring	 of	 these	 data	 resulted	 in	
more	 conservative	 (slightly	 longer)	 values	 of	 transit	 time.	 Although	
data	quantifying	 the	probability	 that	 an	animal	 survived	undetected	
would	be	difficult	to	obtain,	we	view	non-	detection	as	an	important	




In	 semi-	enclosed	 or	 open	 systems,	 emigration	 may	 be	 con-
founded	with	mortality	when	an	animal	 leaves	the	monitored	por-
tion	of	the	system.	Determining	the	fate	of	animals	in	this	situation	
would	 necessarily	 rely	 on	 complementary	 information	 from	 other	





Heupel	&	 Simpfendorfer,	 2002;	Heupel,	 Simpfendorfer,	 Collins,	 &	
Tyminski,	2006;	Knip	et	al.,	2012a).	As	mentioned	above,	grid	sam-
pling	designs	would	have	several	advantages	over	receiver	lines	that	
have	 been	 more	 commonly	 employed.	 To	 understand	 seasonality	
of	habitat	use	for	migratory	fish	of	conservation	concern,	grid	sam-
pling	may	help	maximize	 information	gained	about	the	animal	 (e.g.	
Papastamatiou	 et	al.,	 2015).	 Furthermore,	 grid	 sampling	 provides	










been	 conducted	 in	 open	 systems	 by	 simply	 populating	 preferred	
habitats	with	autonomous	receivers	(Topping	&	Szedlmayer,	2011).
4.3 | Comparisons with real animals
Despite	 lack	 of	 a	 priori	models	 of	 individual	movement	 for	 species	
in	 the	pilot	 studies,	our	generic	 correlated	 random	walk	 simulations	
provided	a	reasonable	match	to	the	field	results,	and	on	average	pilot	
studies	performed	better	(i.e.	lower	detection	and	transit	times)	than	
simulations	 predicted.	A	 likely	 explanation	 for	 the	 improved	 perfor-




of	detecting	a	 transmission	 from	3.5	km	 (half	of	 the	pilot	study	grid	
spacing)	was	predicted	to	be	negligible	in	the	simulations,	it	was	still	
greater	 than	 zero,	 and	periodic	quiescent	 field	 conditions	may	have	






















tend	 to	 reduce	 the	quantity	of	 long	detection	and	 transit	 times	 in	
these	 data,	 resulting	 in	 lower	 95th	 percentile	 values	 for	 the	 pilot	
studies.	Thus,	further	improvement	in	the	pilot	study	results	could	




The	 comparison	of	 three	 species	with	 contrasting	 life	histo-
ries	 from	two	 large	 lake	ecosystems	 reinforced	 the	applicability	






2004).	 The	 two	 species	 from	 Lake	Winnipeg	 also	 migrate	 into	
tributaries	or	marshes	during	seasonal	spawning	periods.	Higher	
transit	 times	for	channel	catfish	and	common	carp	may	 indicate	
slower	 or	more	 tortuous	 paths	 than	 for	walleye	 or	 selection	 of	
habitats	 nearshore	 in	 shallower	 water	 at	 the	 periphery	 of	 the	
grid	 array	 where	 detection	 would	 be	 less	 likely.	 The	 Lake	 Erie	
walleye	were	 tagged	with	V13-	1H	 tags	 that	 transmit	 at	 153	dB	















Because	 so	 many	 variables	 are	 potentially	 involved	 and	 financial	











and	 time	 on	 station,	 but	 these	 factors	will	 only	 slightly	 adjust	 the	
intercept	 and	 slope	of	 the	 relationship.	 Furthermore,	 projects	with	
only	a	small	number	of	receivers	may	initially	find	grid-	based	designs	
of	 little	value,	and	the	efficacious	solution	to	maximize	information	
from	 few	 receivers	 is	 clearly	 what	 we	 have	 termed:	 bottleneck-	
receiver-	arrangement	 strategy.	 For	 the	 resource-	limited	 situation,	
the	lesson	from	our	grid	simulations	may	be	that	while	closely	spac-
ing	few	receivers	with	overlapping	detection	ranges	can	ensure	high	
resolution	 of	 timing	 of	 occurrence	 at	 a	 bottleneck,	 an	 alternative	
scenario	with	staggered	non-	overlapping	detection	ranges	(i.e.	grid-	
like)	may	provide	less	redundant	data	with	additional	information	on	
directionality.	On	 the	other	 hand,	 studies	 using	 acoustic	 telemetry	














tic	 telemetry	 receiver	 grid	 compared	with	 three	 fish	 species	 from	
two	 different	 large	 lake	 systems.	 The	 results	 have	 prompted	 spa-
tially	extensive	application	of	two-	dimensional	telemetry	grid	sam-
pling	 in	 Lake	Erie	 (http://glatos.glos.us/map)	 and	bolster	 outcomes	
of	 previous	 smaller	 scale	 studies	 (Collins,	Heupel,	 &	Motta,	 2007;	
Dance	 &	 Rooker,	 2015;	 Heupel,	 Semmens,	 et	al.,	 2006;	 Heupel,	
Simpfendorfer,	et	al.,	2006;	Knip	et	al.,	2012a,	2012b).	We	are	hope-
ful	that	other	researchers	will	see	utility	in	our	simulations,	and	re-
spond	with	 a	more	 rigorous	quantitative	 approach	 to	 autonomous	
receiver	 sampling.	 Finally,	 although	we	 did	 not	 explicitly	 consider	
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rivers,	which	 can	usually	be	monitored	efficiently	with	 lines	of	 re-
ceivers,	our	results	would	also	apply	to	river	systems	large	enough	
to	 deploy	 a	 two-	dimensional	 receiver	 array	 with	 non-	overlapping	
detection	ranges.
Secor	 (2015)	 criticized	 telemetry	work	 as	 suffering	 an	 embar-
rassment	of	riches	from	descriptive	studies	with	too	much	data	on	
too	 few	animals.	While	 recent	advances	 in	 the	 field	are	making	 it	
possible	 to	 scale	 up	 to	 population-	level	 inferences	 (Hussey	 et	al.,	
2015),	 what	 we	 have	 characterized	 as	 the	 bottleneck-	receiver-	
arrangement	 strategy	 (i.e.	 receiver	 lines	 with	 overlapping	 detec-
tion	 ranges	 concentrated	 in	 geographical	 areas	of	 convenience)	 is	
more	prone	to	an	embarrassment	of	data	redundancy.	Additionally,	
employing	 a	 gridded	 receiver	 design	 combined	with	 releasing	 or-
ganisms	with	 animal-	borne	 logging	 devices	 (e.g.	 thermal	 or	 depth	
sensors;	Hussey	et	al.,	2015)	can	further	 improve	population-	level	
inferences	with	 acoustic	 telemetry	 studies.	 Thus,	 our	 simulations	
support	a	growing	cadre	of	new	telemetry	studies	that	are	being	de-
veloped	via	experimental	design.	Coordinated	inter-	agency	efforts	
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